Bead penetration depth plays a significant role on the quality and integrity of welds, as deeper penetration can improve the strength and load bearing capacity of weldments in service condition. Based on Design of Experiment (DOE), an experimental design matrix having thirteen (13) center points, six (6) axial points and eight (8) 
INTRODUCTION
Carbon steels have a wide range of application relevant to some industries such as marine industry, construction and automotive industry, chemical and petroleum industry etc. However, increased carbon content (typically at least 0.45% by weight) in the carbon steel implies increased hardness, increased tensile strength and difficulty in welding [1] . It is vital to achieve high quality welds which may depend on the type of welding, welding parameters, mechanical properties of welded metal, all of which contributes significantly to the strength behaviour of the welded metal in service condition [2] . Tungsten inert gas (TIG) welding is an arc welding process used in the fusion of two or more metals through the application of heat generated due to arc struck between a non-consumable tungsten electrode and the workpiece [3] . According to Memduh et al. [4] , weld geometry parameters consist of bead width, height of reinforcement, depth of penetration, wetting angle, electrode deposit area and plate fusion area. Weld bead penetration is the maximum distance between the surface of the base plate and depth to which the fusion has taken place in a weldment. In other words, it is the rate at which the fusion line extends below the surface of the welded material [5] . Weld penetration has a direct relationship with welding current, as increase or decrease in current can result in further increase or decrease in the weld penetration depth. Studies have shown that weld penetration is influenced by welding current, polarity, arc travel speed, electrode diameter etc. [6, 7] . Sushant [8] investigated the factors affecting bead penetration and observed that higher welding current provides deep penetration and lower current provides lower penetration depth. Effects of welding speed and heat input rate parameters on depth of penetration was investigated by Abbasi et al. [9] and the result reve- C. To clearly understand the rate of heat distribution across the as-welded plate, FEM bead penetration profiles were developed using Solid Works (2017 version) thermal transient analysis which revealed that the higher the temperature distribution the wider the Heat Affected Zones (HAZs) which are indications of phase transformations and alterations in mechanical properties of the welded metal which may lead to induced residual stresses if the welding parameters particularly the amperage is not controlled adequately. In addition, there was proximity in the trend of bead penetration from the regression plot where the FEM model had a coefficient of determination (R aled that bead depth increases with increase in heat input. Memduh et al. [10] noted that weld penetration is directly proportional to welding current, and that deep penetration can be achieved in operations where Direct Current Electrode Positive (DCEP) polarity is employed whereas, shallow penetration can be achieved as a result of Direct Current Electrode Negative (DCEN) polarity. Penetration decreases with the increase in welding speed because the time at which the arc force is allowed to penetrate into the material's surface decreases. Bead penetration decreases with increase in electrode diameter due to decrease in current density while high welding voltage produces wider and deeply penetrating welds than low welding voltages. Depth of penetration is maximum at optimum arc voltage [10] . Yadav et al. [11] observed that increase in welding voltage contributes to the increase in weld bead penetration. Tewari et al. [12] studied the effect of welding current, arc voltage, welding speed and heat input rate on the weldability of Mild Steel specimens of 50mm× 40 mm × 6 mm dimensions using metal arc welding. The result obtained showed that the depth of penetration increased with increasing welding speed up to 110.39 mm/min which was optimum value to obtain maximum penetration. However, increasing the speed of travel and maintaining constant arc voltage and current resulted in increased penetration until optimum speed was reached at which penetration was maximum, consequently, increasing the speed beyond the optimum rate resulted in decreased penetration. Ghazvinloo et al. [13] reported that if the welding speed decreases beyond a certain point, the penetration also will decrease due to the pressure of the large amount of weld pool beneath the electrode, which will cushion the arc penetrating force. Sudhakaran et al. [14] in their investigation noted that GTAW quality is mainly characterized by bead penetration depth. This is because shallow bead penetration is an influencing factor to the failure of a welded structure since penetration relates to the stress carrying capacity of a welded joint. Hence, the scope of this study is focused on investigating the interplay between TIG welding input process parameters (current, voltage, gas flow rate and temperature) and the output weld bead penetration.
MATERIALS AND METHOD
Mild steel plate of 10 mm thickness was cut into a dimension of 120x30 mm (length x width) each as shown in Figure  1 . Sand paper was used to smoothen each of the two specimen to eliminate all possible coatings, corrosion or rust that may have accumulated on the material. The two steel plates where chamfered at 30 o , after which, fusion welding was used to join the two plates together to form an angle of 60 o with 2mm depth. The milling of the angle was done using a vertical milling machine. The welding was carried out with the plates properly clamped to avoid misalignment during welding process. Prior to welding, surface of the samples to be welded were cleaned using acetone in order to eliminate surface contamination, and welding was applied to fuse the two flat plates together. The weld bead penetration values were measured using digital planimeter with 1-µm accuracy. K-type thermocouples were attached to the surface of the workpiece and the temperature was recorded at 20 points as the arc passed along the workpiece. Also, the welding torch passed over the plate at a height of 2.5mm from the workpiece at constant velocity of 1.72 mm/s. Design Expert 7.01 was used to deduce design of experiment for the welding parameters for 20 runs with, variable voltages ranging from 16-25V, variable currents ranging from 96-213A and variable gas flow rates ranging from 11-19 L/min respectively. Materials and specifications used for the welding experimentation are presented in Table 1 . 
Where Q is the heat input, C p is the specific heat, T is the temperature, ρ is density, q is the rate of heat flux, a,b,c, and t are the arc dimensions.
Given by equation 2, equivalent heat input for simulating the arc heating effects during TIG welding process can be deduced as the integration of both surface and body heat flux;
(2) Where, Q s and Q b denotes the heat input due to surface flux and body flux, η is the arc efficiency, E is the arc voltage and I is current.
Given equation 3 and 4, by the surface flux (Q s ) and body flux (Q b ) are usually expressed in the form of Gaussian distribution;
The thermal reaction resulting from solid-to-liquid phase transformation can be due to increase in specific heat (C p ) input in the temperature between solidus and liquidus temperature range. In the welding process, latent heat of fusion is released in the phase transformation, thus, causing increase in the enthalpy (h) [15] given by equation 5;
Where, the latent heat of fusion is denoted by L f , ρ is the density, f is the mass proportion of molten metal in the weldment, and C p ' is the increased specific heat. In the welding process, ρ is assumed as constant and f is given by equation 6 [16] ;
When the temperature ranges from solidus to liquidus temperature, the equivalent specific heat Cp is deduced from equation 7;
Also, if temperature of the weld pool is above the melting point (Tm), the latent heat of evaporation (Le) can be considered in the FE model by using the equivalent specific heat Cp"given by equation 8;
For the FEM, the standard AISI 1020 was used for the modelling the low carbon steel plate, considering the temperature dependent properties of the FE model as shown in Table 2. However, mesh control was applied to the heat source, while curvature based mesh was used due to the ellipsoidal shape of the heat source. The model information is presented in Table 3 . 
RESULTS AND DISCUSSION
The simulation was run for 20 runs using the design of experiment (Centre Composite Design Method). As presented in Figures 2, 4, 6, 8 , 10, 12, 14 and 16, the temperature on the finite element welding profile represent the thermal distribution across the welded metal. Microstructure of the mild steel plate used in this study having undergone heating as a result of the welding process naturally set the electrons (within the metal lattice) into motion from a region of higher temperature to a region of lower temperature. However, with constant application of welding heat, a point is attained when melting temperature of the material is reach and the material begins to melt. The temperature values presented in Table 4 is the average temperature recorded over the nine (9) thermocouples attached to the surface of the material (for both Experimental and FEM approach), and represent the average temperature across the welded metal, while Figure 18 represents the regression plot for both methods The Experimental and FEM predicted weld bead penetration is also presented in Table 4 . While current and gas flow rate are kept constant, increasing the voltage can result at increased bead penetration depth. This was observed in the 17 th and 20 th weld runs shown in Table 4 , where constant current of 190.00 A, constant gas flow rate of 18.00 L/min and constant voltage of 25.00 V produced bead penetration of 6.786 mm for the welding experimentation and 9.32 mm for the FEM simulation, whereas, maintaining the same constant input variable for current (190.00 A) and gas flow rate (18.00 L/min) with varied voltage input of 19.00 V produced bead penetration of 4.823 mm for the welding experimentation and 8.44 mm bead penetration depth for the FEM simulation. Comparing the 17 th and 20 th weld runs for both experimental and FEM results, it is therefore observed that, increasing the welding voltage and maintaining the welding gas flow rate and welding current at constant rate can however deepen the depth of bead penetration in TIG welding applications. It was also observed in the first six (6) welding runs that maintaining a constant current of 155.00 A, a constant voltage of 22.00 V and a constant gas flow rate of 15.50 L/min produced the same value of bead penetration (6.72 mm) for weld runs 1-6 in the FEM simulation result whereas, slightly different bead penetration values (7.942 mm, 7.334 mm, 7.351 mm, 7.362 mm, 7.343 mm, 7.304 mm) where obtained for weld runs 1-6 in the welding experimentation. Variations in the bead penetration output results obtained from the welding experimentation may have been due to errors during the experimental setup, Calibration of the welding facilities, errors during measurement, error from the operator etc.
Comparing the finite element predicted bead penetration with the experimentally obtained weld bead penetration in Table 4 , it was observed that bead penetration variation from both approaches showed no wide disparity for the entire 20 welding runs carried out in this study. In other words, the coefficient of determination in the regression plot for both welding experimentation and FEM approach had close proximity (as shown in Figure 18 ), indication that the results obtained from both methods are close to being accurate. Depending on the degree of response to applied heat, the atoms and electrons within the microstructure of the material continues to absorb heat until a point is reached where thermal equilibrium or saturation is attained and the material begins to melt. At thermal equilibrium, the atoms and electrons begin to move along its lattice until the material liquefies completely at critical temperatures. This thermal distribution is primarily a function of the material response to welding temperature and heat transfer in the material. The relationship between the material response to heat input and the welding bead penetration cannot be fully unravel without considering the solidus and liquidus temperature of the material which for the mild steel plate used in this study is presented in Figure 19 . The temperature at which solid metals begin to melt, but not completely melted is known as the solidus temperature while liquidus temperature quantifies the temperature at which a metal is completely melted. In addition, the metal is partly solid and partly liquid at temperatures between the solidus phase and liquidus phase whereas, the span of temperature from the point at which the metal begins to liquefy to the point at which the entire metal becomes molten liquid is known as melting range which for the mild steel plate used in this study was determined as 1694K-1738K as shown in Figure 19 . However, below the solidus temperature phase, there was no phase transformation as the welded metal was continuously absorbing the heat applied from the welding but phase transformation occurred at the solidus temperature phase where the welded metal began to melt as a result of the welding heat. This can be observed in Figure 19 where the solidus temperature phase (1694 K) is identified as mel-ting onset. Subsequent increase in temperature led to further transformation in the melting phase of the metal. This can be observed in the colour distribution in Figure 19 , where the melting rate after solidus temperature was designated as light blue colour at a temperature of 1700 K, green colour at a temperature of 1710 K, yellow colour at a temperature of 1719 K, orange colour at a temperature of 1729 K and red colour at a melting temperature of 1738 K respectively. Dotted line on the melting profile in Figure 19 indicated the liquidus temperature phase, after which, the red colour continued, indicating a condition of complete melting where the metal at the weldment is entirely molten. For TIG welding process, the liquidus temperature phase is desired for deep penetration of weld bead, as rapid melting tends to occur at high temperature. This is further represented in Figures 2,  4 , 6, 8, 10, 12, 14 and 16, which shows that high temperature is responsible for deep penetration of weld bead. This is because, the intense heat trapped within the weld pool tries to escape through any possible direction in the weldment and in the process spreads inwards and sideward in terms of depth and width. The inward direction of heat flow from the weld pool further react with the base metal where the molten metal settles to cause more penetration into the base metal until cooling and solidification occurs. From Figures 2, 4, 6, 8, 10, 12, 14 and 16, a range of colours known as Heat Affected Zones (HAZs) can be observed spreading outwards from the weld point and this indicate that part of the welded joint which has been heated to a temperature up to solidus of the parent material resulting in varying degree of influence on microstructure which depends upon a number of factors such as heating and cooling cycle, material composition, grain size (the smaller grain size, the higher the hardness) [17] .
However as mentioned earlier, it is important to understand the melting morphology of a given metal before welding application as intense heat beyond the melting range and melting temperature of the metal may result in unwanted welding defects such as thermal cracking (crater crack, longitudinal crack, pear-shape crack etc), brittle fracture, high residual stress, undercut, distortions etc. Studies have revealed in recent times that joint penetration that is very shallow or less than the thickness of the weld joint may not have sufficient load carrying strength in service condition due to too narrow welding groove, too low welding amperage, too much arc length or arc voltage too fast or too slow electrode adjustment which could be salvage through the use of adequate welding amperage, arc length, arc voltage and the use of appropriate groove configuration [18] . However, Kamble and Rao [19] reported that intense distribution of heat around the weldment usually alters the chemical and mechanical properties of the material which depends upon the chemical composition of the bead and its geometry. The weld bead penetration depth in this study was scaled from 0-1 mm (parametric depth) in Solid Works which is the software that was used for the thermal analysis. To obtain the actual depth penetrated by the bead during welding, the parametric depth was multiplied by 10. Thus, when reading the graphs presented in Figures 3, 5 , 7, 11, 13, 15 and 17, the bead penetration was obtained by multiplying the depth traced at the melting temperature in the graphs by a factor of 10 to get the actual depth penetration in the 10 mm flat plate.
CONCLUSION
Finite element analysis was carried out using the commercial software package Solid Works 2017 version with thermal transient analysis to compare the weld bead penetration predicted from the model with experimentally determined bead penetration on mild steel plate of 10 mm thickness. By taking the averages between the values obtained by experimental method and the FEM, It was observed that the average temperature measured during the welding experimentation was 321 o C with average penetration of 6.44 mm while the average FEM predicted temperature was 334 o C with average FEM bead penetration of 6.48 mm. From the bead penetration values obtained experimentally and from FEM, there was proximity in the temperature distribution and corresponding weld bead penetration. From the regression plot, coherence was seen in the coefficient of determination R 2 (0.9799 and 0.9694) for both the FEM and experimentally determined bead penetration. This implies that both the FEM and experimental values generated similar responses to the welding parameters (current, voltage and gas flow rate), varied and exhibited constant trend, indicating that FEM is a better approach for validating the accuracy of welding experimental results. This is because, all simulations and iterations are performed by the software which calculates all the output variance according to the input variables unlike the experimental procedures which is prone to human error in terms of parametric adjustment, measuring, sample preparation etc. during the welding sequence.
